Abstract The notion that honeybee colonies are harmonious, isolated societies in which workers selflessly sacrifice their reproductive opportunities to serve their queen has long been debunked. Like any society, honeybee colonies contain selfish individuals that pursue their own interests, or cheat, at the expense of the colony, and these individuals need to be controlled. There are numerous studies detailing the myriad ways in which selfish workers may subvert the typical dominance hierarchy of a haplo-diploid insect society. Recent studies have focussed on thelytoky, the ability to produce diploid offspring without mating, as the most significant attribute of a successful reproductive parasite. However, we argue that thelytoky is not necessary for successful parasitism, and that even arrhenotokous societies contain specialized reproductive parasites. Using A. mellifera and A. cerana as examples, we show that the most important aspects of a would-be reproductive cheat's success are an ability to escape policing and the timing of the reproductive attempt. Finally, we show that thelytoky, while not necessary for the evolution of successful reproductive parasites, can give rise to specialized parasitic lineages and that such lineages are likely to be far more common than previously assumed.
Introduction
In Virgil's poem The Georgics, worker bees are described as happily sacrificing their reproductive prerogatives to joyfully labor in the service of their colony and monarch. This view has held sway for the greater part of history, until the publication of Hamilton's inclusive fitness theory (Hamilton 1964a, b) . Although Hamilton's work initially explained how non-reproductive workers in insect colonies could evolve, Darwin's 'one special difficulty' (Darwin 1859) , his gene-focused explanation also predicts conflict within insect societies (Ratnieks and Reeve 1992) . If an individual is selected to increase the contribution of copies of its own genes to the next generation, then under many conditions an insect worker should 'cheat' and not refrain from personal reproduction. It is this realization that has led to a field of research aimed at understanding conflict and conflict resolution in insect societies (Bourke 1988 (Bourke , 2011 Ratnieks 1988; Ratnieks et al. 2006; Ratnieks and Reeve 1992; Wenseleers et al. 2004a, b; Wenseleers and Ratnieks 2006a) . Such studies have shown that insect societies have evolved a myriad of mechanisms aimed at policing the selfish behavior of individual workers, including but not limited to oophagy of worker-laid eggs and aggression toward reproductive individuals (Beekman and Ratnieks 2003; Dampney et al. 2002; Endler et al. 2006; Ratnieks et al. 2006; Ratnieks and Visscher 1989; Sakagami 1954; Visscher and Dukas 1995) . In many instances, such policing mechanisms are so effective that the workers are selected to not even try to pursue their selfish interests (Wenseleers et al. 2004a, b; Wenseleers and Ratnieks 2006b) .
Does that mean that we have come full circle, and insect societies are indeed comprised of obedient workers, even if only by force? Apparently not. Since the availability of molecular techniques, it has become increasingly apparent that workers do indeed actively and often successfully pursue their own selfish interests. In 2008 Beekman and Oldroyd summarized what was then known about intraspecific reproductive parasitism in social bees. They focused on intraspecific parasitism by workers from within the colony as well as from other colonies. At the time, reproductive parasitism was restricted to two strange populations of honeybee; the 'anarchistic' honeybee and the Cape honeybee, one species of bumblebee, and queenless colonies of Apis species . 'Anarchistic' bees have been selected since the early 1990s for high levels of worker reproduction in colonies containing a queen (Montague and Oldroyd 1998; Oldroyd and Osborne 1999; Oldroyd et al. 1994) , while the Cape honeybee is peculiar because its workers are capable of producing female offspring without mating (Onions 1912) , thus changing the kin structure of the colony (Greeff 1996) . Both can therefore be regarded as aberrations to the norm. Similarly, when colonies have lost their queen, the workers do not have that many options left, and parasitizing another colony becomes a viable strategy (Chapman et al. 2010a; Nanork et al. 2005 Nanork et al. , 2007a . Thus, apart from the bumblebee Bombus terrestris, where workers from colonies containing a queen parasitize other colonies with their eggs (Birmingham et al. 2004; Lopez-Vaamonde et al. 2004 ), it appears that worker reproductive parasitism is extremely rare in most bee populations, apart from queenless colonies. But is this true? predicted that intraspecific parasitism would be much more widespread. And indeed, since the publication of their review, some curious examples of reproductive parasitism have been found in a Brazilian species of stingless bee, Melipona scutellaris.
Melipona scutellaris stingless bees live in nests of up to 2000 workers (Toth et al. 2004) and are found throughout north-eastern Brazil. By genotyping nearly 600 males from 45 colonies over a period during which the original queen was replaced multiple times, Alves et al. (2009) found that around 20 % of males were the sons of workers. Of those worker-produced males up to 80 % had genotypes suggesting they were not the sons of daughters of the queen present in the colony at the time but of a previous queen that had been superseded (Alves et al. 2009 ). Workers were therefore effectively parasitizing the colony of the next generation; the first example of intergenerational reproductive parasitism. Alves et al. (2009) argued that these workers were specialized parasites as their lifespans were much longer than that of the average worker. In addition, their numbers within the colony were low, but their contribution to males high. Although worker reproduction almost inevitably comes at some cost to the colony (Ratnieks and Reeve 1992; Toth et al. 2004) , these costs were borne by colony members to whom the parasitizing workers were less related.
Melipona scutellaris also shows us that it is not just workers that can decide to cheat. Like many stingless bee species, colonies of M. scutellaris produce replacement queens in far greater numbers than the colony requires (Santos et al. 2006; Wenseleers and Ratnieks 2004) . What happens to these excess queens? Researchers once assumed that these queens are simply slaughtered by the workers, and in many cases this does seem to be their most likely fate (Imperatiz-Fonseca and Zucchi 1995) . However, genotyping showed that in M. scutellaris, 25 % of all replacement queens were not related to the workers in the colony (Wenseleers et al. 2011) . These queens originate from other colonies and specifically target nests that are undergoing queen replacement (Van Oystaeyen et al. 2013; Wenseleers et al. 2011) . Moreover, these queens time their invasions for the evenings when guarding efficiency is lower (Van Oystaeyen et al. 2013) . Intraspecific parasitism by queens would appear to be highly advantageous both to the queen herself and to the natal colony, while simultaneously incurring a massive fitness cost on the parasitized colony as the host workers rear an entire cohort of brood that they are not related to. There are many species of stingless bees that produce excess queens (Imperatiz-Fonseca and Zucchi 1995), and while there are many possible explanations for this, it would not be surprising if queen parasitism also occurs in other species.
While at first glance many bee societies appear 'normal' in that workers apparently do not reproduce when a queen is present, M. scutellaris shows us that there are many ways in which the typical reproductive hierarchy of a haplo-diploid insect society may be subverted. In this review, we investigate the conditions under which workers in the genus Apis pursue their own selfish interests. In doing so we challenge the notion that worker reproductive parasitism is restricted to 'weird' populations of honeybees. We re-investigate worker reproduction in A. mellifera, and examine some of the basic tenets of social conflict drawn from A. mellifera in its sister species, the Eastern honeybee A. cerana.
What causes conflict? The asymmetrical kin structure of honeybee colonies Honeybee (Apis spp.) societies have three important characteristics that define their kin structure: haplo-diploidy, the ability of workers to reproduce parthenogenetically, and the tendency of queens to mate with multiple males (polyandry). In the vast majority of (sub) species that have been studied, workers reproduce via arrhenotokous parthenogenesis and so can only produce male offspring. This means that workers are, on average, related to their sons by 0.5, sons of the queen by 0.25, sons of full-sisters by 0.375 and sons of half-siblings by 0.125 (Bourke 1988) (Fig. 1) . As the queen is multiply-mated, the majority of workers in the colony will be half-siblings (Bourke 1988) . Thus, kin selection predicts that workers should refrain from personal reproduction while simultaneously limiting the reproductive output of other workers (Bourke 1988; Ratnieks and Reeve 1992) . In this way, a worker can insure that only sons of the queen are reared, the trade-off being that while she misses the opportunity for personal reproduction, she will only spend resources on rearing males that are twice as related to her than if she were rearing the offspring of halfsisters (Bourke 1988; Ratnieks and Reeve 1992) .
One subspecies of A. mellifera, the Cape honeybee A. m. capensis, is capable of thelytokous parthenogenesis, or the asexual production of diploid offspring (Onions 1912) . Thelytoky changes the kin structure of a colony considerably, with significant implications for conflict. In this case, workers are on average related to their own offspring by 1.0, to full-siblings and their daughters by 0.75, and to halfsiblings and their daughters by 0.25 (Greeff 1996) (Fig. 2) . As workers are now equally related to offspring of the queen and offspring of other workers, there is no longer any incentive for them to refrain from personal reproduction (Greeff 1996) (Fig. 2) , provided that worker reproduction is not costly at the colony level. Similarly, the fact that thelytokous workers produce clones of themselves means that the queen will be just as related to worker-produced offspring as she is to her own daughters (Greeff 1996) (Fig. 2) . Thus, there is no inclusive fitness benefit for either workers or queens to limit worker reproduction in thelytokous species, and as such, we expect workers to compete fiercely for reproductive opportunities. And indeed, up to 10 % of the workers produced in an A. m. capensis colony over the course of a season are the offspring of other workers (Beekman et al. 2009 ). This figure is much higher than the 0.1 % that is normally reported in unselected, arrhenotokous A. mellifera (Page and Erickson 1988; Visscher 1989 ; but see Holmes et al. 2013a) .
Most importantly, thelytoky combined with the absence of genetic caste determination also allows workers to produce the colony's next queen. In A. m. capensis colonies well over half of all new queens are the daughters of workers Holmes et al. 2010; Jordan Fig. 1 Kin structure of a polyandrous insect society in which workers reproduce via arrhenotokous parthenogenesis. The focal worker, Alice, represents an average individual worker in such a colony. Numbers below the names of each individual denote that individual's average degree of relatedness to Alice. Alice is more related to her own son (Albert) than any other male in the colony. However, as the majority of workers in the colony will be half-sisters of Alice (such as Bertha), if all workers reproduce, the majority of males in the colony will on average be related to Alice by 0.125 (such as Barry). Thus, the best strategy for Alice is to simultaneously refrain from personal reproduction and limit the reproductive output of other workers, thus insuring that the majority of males in the colony are sons of the queen. . Since a worker that is the mother of a queen is genetically reincarnated as a queen herself Holmes et al. 2010 Holmes et al. , 2015 Jordan et al. 2008) , this is a huge fitness pay-off for the lucky worker.
Conflict resolution in honeybee colonies
No society can support widespread cheating behavior without facing a tragedy of the commons (Hardin 1968) . If honeybee societies are to be at all functional, there must be a means of regulating selfish behavior. Policing describes any behavior by queens or workers that limits the reproductive output of other workers. This commonly involves the oophagy of worker-laid eggs, which has been demonstrated in a variety of taxa (Monnin and Ratnieks 2001; Oldroyd et al. 2001; Ratnieks and Visscher 1989; Zanette et al. 2012 ). However, it may also include the physical harassment of reproductive workers (Dampney et al. 2002; Monnin et al. 2002; Sakagami 1954; Teseo et al. 2013) . When policing mechanisms are highly efficient, workers are selected to refrain from reproduction altogether; if workerlaid eggs are extremely unlikely to be reared to adulthood there is no incentive for workers to even try to reproduce (Wenseleers et al. 2004a, b; Wenseleers and Ratnieks 2006b ). This is known as reproductive acquiescence theory (Wenseleers et al. 2004a, b; Wenseleers and Ratnieks 2006a) . Interestingly, this theory also predicts that policing should be less severe if relatedness among workers in a colony is high, as genetic conflict will be reduced or absent (Wenseleers et al. 2004a, b; Wenseleers and Ratnieks 2006b ). However, policing does occur in both monandrous (Schmid et al. 2013; Zanette et al. 2012 ) and clonal societies (Teseo et al. 2013) , and has also been reported in A. m. capensis (Beekman et al. 2002; Pirk et al. 2002 Pirk et al. , 2003 . This suggests that worker reproduction comes at a cost to the workers that do not reproduce, lowering overall colony productivity.
The distinction between reproductive workers that are cheating and those that are not can be subtle. While this review will focus on examples that meet the evolutionary criteria for cheating defined below, we will spend some time on examples of worker reproduction that may appear to be cheating, or attempting to cheat, to clarify the difference. We will define criteria that make a cheat successful, and demonstrate that reproductive workers that are not (successful) cheats fail to meet at least one of these criteria.
What is cheating?
A honeybee worker may become reproductive in a variety of contexts, and not all of these can be considered cheating. As pointed out by Ghoul et al. (2014) , 'cheating' is a highly anthropomorphic term that implies a degree of intent or premeditation on the part of the individual that may not be representative of reality. In an evolutionary context, Fig. 2 Kin structure of a polyandrous insect society in which workers reproduce via thelytokous parthenogenesis. In this case, Alice is related to her daughter Anna by unity. As workers reproduce clonally, even the daughters of half-sisters of Alice (Bertha) will be on average equally related to Alice as are sons of the queen. Thus, there is no relatedness incentive for either the queen or the workers to limit worker reproduction. Figure adapted from 'cheating' is best defined as a behavior or trait that is beneficial to a cheat while being costly to a co-operator in terms of inclusive fitness (Ghoul et al. 2014; Riehl and Frederickson 2016) . Therefore, a worker who activates her ovaries once her colony has lost its queen and cannot raise a new one should not be considered a cheat, as it is in the best interest of the colony for her and her fellow workers to do so. Without workers producing any sons, such 'hopelessly queenless' colonies would have exactly zero chance of producing any offspring. Although the reproductive success of the worker-produced males might be low (after all, they do need to be able to mate with a virgin queen produced by another colony), a low probability is better than zero. We define cheating as any instance of worker reproduction that increases the worker's inclusive fitness while decreasing that of the colony overall (Table 1 ; all the mentioned examples will be discussed in detail later on). For brevity, we will limit our discussion mainly to examples from the genus Apis but we expect cheating to be widespread among the social insects.
What makes a cheat?
Much of the previous work on cheating in insect societies has revealed two important characteristics of successful cheats. To increase her inclusive fitness, a cheating worker must be able to do the following: (1) activate her ovaries and (2) lay eggs that escape the police force. However, a third, equally important aspect of successful cheating has recently been revealed: timing. Honeybee life histories are punctuated by seasonal shifts, with colonies becoming highly productive during the time of year when resources are most abundant (Winston 1987) . How this influences typical honeybee reproduction (i.e. the production of drones and virgin queens) is well understood, but its effect on levels of worker reproduction are only now being quantified.
The importance of timing to the success of a would-be reproductive parasite, or cheat, first became apparent from studies of A. m. capensis. Being thelytokous means that A. m. capensis workers have the additional advantage of being able to parasitize queen cells and become reincarnated, in a genetic sense, as the next queen Greeff 1996) . Both Greeff (1996) and predicted that this would lead to severe competition among workers to become the mother of the next queen. And indeed, a significant proportion of replacement queens are the daughters of workers, both following reproductive swarming events Beekman et al. 2009; Jordan et al. 2008 ) and after sudden queen loss (Holmes et al. 2010) . Moreover, the proportion of workers that are the daughters of other workers rather than the queen increases during the reproductive period of the colony's life cycle (Beekman et al. 2009 ). This leads to an important conclusion: Cape honeybee workers specifically time their reproductive efforts to coincide with the period in which they have the opportunity to produce the next queen.
One could be forgiven for thinking that such well-timed reproduction is restricted to (sub) species in which workers can become the mother of the next queen. However, even when workers can only produce males, timing is everything: a male is a genetic dead end unless he is able to mate with a virgin queen. A much greater number of virgin queens will be present in a geographic area during reproductive swarming events (Winston 1987) . Thus, the same selective pressures that lead A. m. capensis workers to attempt to reproduce during swarming events are applicable to arrhenotokous species: it is the workers that successfully reproduce during this period that enjoy the greatest possible fitness pay-off. This is indeed the case, as we now know that the proportion of worker-laid males in the population increases significantly during the reproductive phase of the honeybee colony's life history (Holmes et al. 2013a) . Holmes et al. (2013a) regularly sampled male pupae and adult workers from seven A. mellifera colonies throughout the course of a season. Microsatellite genotyping revealed that 4.2 % of males were the sons of workers, a proportion over 40 times greater than is typically cited (Visscher 1989) , and that 1.2 % of workers had active ovaries, over 100 times greater than typically cited (Ratnieks 1993) . While these figures appear surprising, it is the seasonal profile of worker reproduction that is most important. Holmes et al. (2013a) showed that the vast majority of worker-produced males appeared in the period in which colonies were preparing to swarm, while the majority of workers with active ovaries were sampled outside this period. This led Holmes et al. (2013a) to conclude that a very small proportion of workers were able to not only lay eggs that escape policing, but time their reproductive attempts to the period in which they would be most valuable-the worker-laid drones that were sampled in the lead-up to swarming would have been sexually mature in time to mate with virgin queens from other swarming colonies in the area. Holmes et al. (2013a) study clearly confirmed the vital importance of the three characteristics mentioned earlier: ovary activation, the ability to escape policing, and opportunistic timing of reproduction. Thelytokous or not, workers with these qualities will have the greatest chance of becoming successful reproductive parasites.
Of anarchists and rebels
Even though 4.2 % of the males produced throughout a honeybee season are the sons of workers (Holmes et al. 2013a) , the majority of these individuals came from only a When does cheating pay? Worker reproductive parasitism in honeybees 9 few subfamilies; these subfamilies were barely represented among workers, even those with activated ovaries (see Figure S1 in Holmes et al. 2013a ). There are many factors that affect the likelihood of a worker to become reproductive (Page and Erickson 1988; Wang et al. 2014; Woyciechowski and Lomnicki 1987) . It was already known that workers of particular patrilines (those that share the same father) are more likely to have active ovaries than others (Makert et al. 2006) . Holmes et al. (2013a) study further suggests that there are specific patrilines that are able to dominate worker reproduction; not only do these workers activate their ovaries at the most opportune time (when their sons have the highest chance of mating), they also evade the police force. Holmes et al. (2013a) termed these individuals 'anarchists'. Anarchistic A. mellifera have been described before (Barron et al. 2001; Chaline et al. 2002; Montague and Oldroyd 1998; Oldroyd et al. 1994 ). However, anarchy was In an evolutionary context, 'rebel' workers (workers raised during a period in which the colony was temporarily queenless due to reproductive swarming; 'rebel' workers are more likely to lay eggs) and natal laying workers cannot be considered cheats either as their inclusive fitness does not increase (rebels) or they do not reduce the inclusive fitness of the colony (natal-laying workers) previously thought to be rare behavioral mutant as it had only been observed in a few colonies, and high levels of anarchy can only be maintained by selective breeding (Barron et al. 2001 ). The A. mellifera colonies studied by Holmes et al. were of standard commercial stock and were not selectively bred anarchists. The fact that they observed anarchists in unselected colonies leads to an important conclusion: that anarchy, rather than being a rare mutant, is in fact much more widespread than previously assumed. This conclusion is also supported by the fact that anarchy has now been reported in A. mellifera in Asia (Niu et al. 2016 ) as well as the previously known examples from the UK and Australia (Chaline et al. 2002; Montague and Oldroyd 1998; Oldroyd et al. 1994) . As the significance of swarming to worker reproductive success was not yet appreciated, the presence of anarchist workers in unselected A. mellifera colonies had, until now, been largely overlooked.
In addition to anarchistic workers that carry eggs in their ovaries at the time of queen rearing, many workers have activated ovaries in the aftermath of reproductive swarming. These workers do not appear to come from specific patrilines (Holmes et al. 2013a) . Several studies have shown earlier that the number of workers with active ovaries indeed increases following swarming events (Holmes et al. 2013a; Kropacova and Haslbachova 1969; Woyciechowski and Kuszewska 2012) . Woyciechowski and Kuszewska (2012) named such workers 'rebels' and found that workers reared in the brief period of queenlessness, when the old queen has left and no virgin queen has emerged, have more ovarioles and are more likely to lay eggs. Interestingly, this is not due to these workers being fed more as larvae [larval feeding affects the reproductive potential of the resulting adult (Beekman et al. 2000; Beetsma 1979; Foret et al. 2012 )], suggesting their higher reproductive capacity is due to the change in queen pheromones in the colony. Rebels are distinct from anarchists; they are not actively laying at the time when males would have the highest reproductive success, and their eggs are heavily policed (Holmes et al. 2013a) .
A possible alternative explanation for the high reproductive success of workers that lay prior to swarming is that policing efficiency is lower in this period due to the sheer size of the worker population in a colony that is about to swarm. Thus workers with active ovaries will be relatively rare, but also more likely to lay eggs that will reach pupation. However, Holmes et al. (2013a) showed that the patrilines that contributed to worker reproduction in the preswarming period where barely represented among the worker-laid pupae identified in the post-swarming period, suggesting that these particular patrilines are indeed more likely to become reproductively active during the build up to swarming. Moreover, many previous studies of worker reproduction in arrhenotokous A. mellifera have identified distinct patriline biases in the workers that are reproductive (Barron et al. 2001; Chaline et al. 2002; Makert et al. 2006; Montague and Oldroyd 1998) . While it is true that a decrease in policing efficiency in the preswarming period will afford workers that lay at this time greater reproductive success, the evidence currently available suggests a genetic component to which workers are actually able to do this. Thus, there is selection for individuals that are able to time their reproductive attempts for the period when they will be most valuable.
When a colony has lost all hope
Cheaters are well known from hopelessly queenless colonies. When a colony fails to rear a new queen after queen loss, policing is relaxed to allow the colony to raise a last batch of males (Miller and Ratnieks 2001) . Without policing a foreign worker can infiltrate such a colony and dump her eggs. Foreign-laid eggs will remain unpoliced, and so will be reared to pupation at the expense of the host colony.
Egg-dumping is known from A. mellifera (Chapman et al. 2010a) , A. cerana (Nanork et al. 2007a ) and A. florea (Nanork et al. 2005) . A logical defense against such cheats would be an up-regulation of guarding of the nest entrance, a mechanism that is normally quite effective at keeping foreigners out Ratnieks 1999, 2000) . However, while queenless colonies of A. mellifera indeed increase their guarding defense (Chapman et al. 2009a) , guarding efficiency actually decreases in hopelessly queenless colonies of A. cerana (Chapman et al. 2008; Holmes et al. 2013b ). In queenless colonies of A. florea, which nests in the open and therefore cannot easily restrict entry to foreigners, male production is dominated by foreign workers (Chapman et al. 2009b (Chapman et al. , 2010b Nanork et al. 2005) . When timed correctly, foreign workers can greatly increase their fitness by infiltrating colonies that have lost all hope.
The curious case of Apis cerana
Almost all of what is known about reproductive conflict in honeybee societies comes from studies on A. mellifera. But A. mellifera has a very interesting Asian relative, A. cerana. A sister species of A. mellifera (Arias and Sheppard 2005; Engel and Schultz 1997; Lo et al. 2010; Raffiudin and Crozier 2007) , A. cerana is native to and distributed throughout Asia (Oldroyd and Wongsiri 2006) . In many ways it is behaviorally similar to A. mellifera in that it nests in cavities and builds multiple combs (Oldroyd and Wongsiri 2006) . Notwithstanding the similarities, in terms of its reproductive biology, A. cerana appears different to A. mellifera. Despite apparently efficient policing ), up to 6 % of A. cerana workers have active ovaries, even when a queen is present (Nanork et al. 2007a; Oldroyd et al. 2001) . While seasonal shifts in levels of ovary activation in this species have yet to be quantified, high levels of ovary activation are found consistently in A. cerana, across a range of geographic locations and subspecies (Bai and Reddy 1975; Holmes et al. 2014a, b; Nanork et al. 2007a; Oldroyd et al. 2001; Tan et al. 2009 ). Yet, workerlaid offspring are very rarely found in queenright A. cerana colonies. In the two studies that have investigated worker reproduction in A. cerana, Oldroyd et al. (2001) did not find any worker-produced male pupae, whereas Holmes et al. (2014b) found that 3.8 % of male eggs and 1.1 % of male pupae were the sons of workers. Why then do so many workers bother with having active ovaries if their attempts at producing offspring are mostly unsuccessful (Holmes et al. 2014b) ? Nanork et al. (2007b) explained the high levels of ovary activation present in A. cerana colonies by an 'episode of revolution', a period during which significant changes to the egg-marking signal occurred. This signal is used by queens to mark their eggs, and allows policing workers to selectively remove eggs that do not carry it (i.e. worker-laid eggs) (Katzav-Gozansky et al. 2003; Martin et al. 2005; Ratnieks 1995) . Such an 'episode of revolution', due to the continuous arms race between the queen and her workers over reproduction, could result in relaxed policing and thus an increase in worker ovary activation. And indeed, A. cerana does have slightly less efficient policing than A. mellifera (Holmes et al. 2014b ). However, a recent finding offers an intriguing alternative explanation for the high frequency of reproductive workers in A. cerana.
The only other honeybee with levels of ovary activation comparable to A. cerana is the Cape honeybee, A. m. capensis (Anderson 1963; Beekman et al. , 2009 Dietemann et al. 2007; Härtel et al. 2006; Hepburn 1992; Moritz et al. 2008; Neumann and Hepburn 2002; Simon et al. 2005) . The high levels of ovary activation in A. m. capensis are explained by thelytoky (Greeff 1996) . A recent study hints at a similar explanation in A. cerana (Holmes et al. 2015) . Some A. cerana colonies that no longer contained a queen were found to produce queen cells. Holmes et al. (2015) genotyped the contents of these anomalous queen cells, and also experimentally removed the queen from four A. cerana colonies and genotyped all the queen cells produced. Surprisingly, they found that the anomalous queens as well as 11 % of the queen cells from the experimentally dequeened colonies had genotypes compatible with being the daughters of workers (Holmes et al. 2015) . The most parsimonious explanation for the existence of these individuals is thelytokous reproduction by workers. Holmes et al. (2015) study shows that A. cerana workers are at least sometimes capable of thelytoky. Thelytoky changes the kin structure of a honeybee colony, and is predicted to lead to relaxed policing and higher levels of worker reproduction Greeff 1996) . While policing still occurs in A. m. capensis and A. cerana colonies , it has also been shown to be less intense in both of these taxa than in arrhenotokous A. mellifera (Beekman et al. 2002; Holmes et al. 2014b; Moritz et al. 1999) . Thus, the discovery of thelytoky in A. cerana may also explain the high levels of ovary activation found in A. cerana in the absence of large-scale male production by workers.
Unlike A. m. capensis thelytoky does not appear to be the norm in A. cerana. Hopelessly queenless colonies apparently do not produce workers in large numbers, and workerlaid males still appear in these colonies . However, the fact that at least some workers are capable of thelytoky means that further studies are required to fully elucidate the effects thelytoky may have on the social evolution of A. cerana.
Thelytoky and specialized social parasites
Thelytoky allows the evolution of truly parasitic lineages (Rabeling and Kronauer 2013) , as has happened in the Cape honeybee, A. m. capensis (Allsopp 1992; Baudry et al. 2004; Goudie and Oldroyd 2014) . A. m. capensis has become a lethal social parasite of another South African subspecies, the arrhenotokous African honeybee A. m. scutellata. The successive generations of thelytokous parasites that occur when A. m. capensis workers parasitize A. m. scutellata colonies selects for highly parasitic lineages (Allsopp 1992 (Allsopp , 1993 Goudie et al. 2012; Goudie and Oldroyd 2014; Oldroyd et al. 2011) . The most extreme example of such a lineage arose from a 1990 introduction of A. m. capensis into A. m. scutellata's native range (normally the two subspecies are separated by a hybrid zone which neither seems to be able to cross without human assistance (Allsopp 1992; ). Billions of parasitic A. m. capensis workers emerged, and thousands of A. m. scutellata colonies were killed (Allsopp 1992 (Allsopp , 1993 Goudie and Oldroyd 2014) . Amazingly, these billions of parasitic workers, which continue to affect the beekeeping industry in South Africa to this day, were the descendants of a single worker from the 1990 introduction (Baudry et al. 2004; Goudie and Oldroyd 2014; Oldroyd et al. 2011 ). This lethal parasitic lineage, known as the 'Clone', does not behave as a normal A. m. capensis worker, as it exists only to parasitize A. m. scutellata colonies (Goudie and Oldroyd 2014) . Additionally, it is known that in queenless A. m. capensis colonies, certain patrilines are more likely to become reproductive than others (Moritz et al. 1996 . One may speculate that these genotypes may give rise to lineages such as the 'Clone' given the right selective pressures.
Parasitic lineages are not unique to social bees. So far we know of one thelytokous ant with a parasitic lineage: Prystomyrmex punctatus (Dobata et al. 2009 Tsuji and Dobata 2011) . P. punctatus is completely parthenogenetic, contains no winged queen caste and all females contribute to worker reproduction . Under normal circumstances reproduction is restricted to a specific time of the year and the workers act like workers the rest of the time. Because all females reproduce at some stage during the colony's life cycle, P. punctatus colonies are genetically heterogeneous. Interestingly, studies have revealed that there are specialized genotypes within colonies that only reproduce and never contribute to work. These individuals produce females that are larger and have more ovarioles. Perhaps confusingly for a queenless ant, some authors refer to these females as ergatoid queens . The reproductive behavior of the cheaters is costly to the colony because the production of ergatoids instead of workers lowers the overall output of the colony (Dobata et al. 2009 Tsuji and Dobata 2011) . These cheaters appear to have a single origin, as microsatellite data reveals that they originate from a single colony in Kihoku, central Japan Tsuji and Dobata 2011) . Cheaters with identical multi-locus genotypes have been found in other colonies, suggesting that similarly to A. m. capensis, cheating P. punctatus workers can enter neighboring nests and parasitize them (Dobata et al. 2009 Tsuji and Dobata 2011) . Both A. m. capensis and P. punctatus clearly demonstrate that thelytoky endows workers with the potential to become highly successful reproductive parasites. More and more species of social insects are being discovered that are capable of thelytokous reproduction (Rabeling and Kronauer 2013) . It will be interesting to see if we also start to find more parasitic lineages now that we know what to look for.
When your queen is an alien
Over the last few years, multiple studies have found that many A. m. capensis colonies are raising queens to which they are not related. The first study to report this phenomenon found that during swarming, the majority of the worker-produced queens were the daughters of workers from foreign colonies . However, there was concern that this finding could have been an artifact of the experimental design, as Jordan et al. carried out their study in a commercial apiary in which colonies were housed very close to each other. In such a setting, workers can accidentally enter a neighboring colony while 'thinking' they are in their own colony. Indeed, up to 40 % of workers may be drifted from other colonies under similar circumstances (Free 1958; Pfeiffer and Crailsheim 1998) . High rates of drift are also known to occur in A. m. capensis, and there is evidence that these workers behave differently in their host colonies being less active than natal workers and maintaining a greater distance from the queen . In arrhenotokous A. mellifera, drifted workers are no more likely to become reproductive than natal workers (Holmes et al. 2013a; Smith and Loope 2016) , suggesting that these workers are not specialized parasites but are indeed just lost.
To investigate whether the high levels of parasitism found by Jordan et al. (2008) was an artifact of the experimental design, Holmes et al. (2010) experimentally dequeened A. m. capensis colonies in both an 'apiary' setting, in which colonies were located close together, and in a 'natural' setting in which each colony was separated from all other colonies by at least a kilometer. As in Jordan et al. (2008) , they found that the majority of queen cells contained offspring of foreign workers in both settings, confirming the presence of specialized social parasites that specifically target colonies undergoing queen replacement as reproductive opportunities. This is further supported by a previous study showing that transmission rates of parasitic workers between A. m. capensis workers are high (Moritz et al. 2008) .
The fact that queen cells are parasitized even when queens are suddenly lost (as the queens were removed from the colonies) suggests that some workers are always ready to exploit a queen replacement event, either in their own colony or in another. Such readiness also provides a functional explanation for the high prevalence of worker-laid workers in A. m. capensis colonies (Beekman et al. 2009 ): assuming an egg needs to be laid once it has matured, a worker must lay her eggs in worker cells if there are no queen cells to parasitize. Interestingly, one of the workerlaid queens observed in A. cerana by Holmes et al. (2015) had a genotype compatible with being laid by a foreign worker. While a strong conclusion cannot be made with the limited data currently at hand, it is tempting to speculate that parasitism of queen cells will evolve in any honeybee population in which some or all workers are capable of thelytoky.
A genetic signature of thelytokous reproduction via central fusion, as is the case in A. m. capensis (Verma and Ruttner 1983) , is high levels of homozygosity. When recombination occurs during thelytokous reproduction, any locus far enough from the centromere has a 1/3 chance of becoming homozygous if the mother was heterozygous at that locus (Engelstädter et al. 2011; Oldroyd et al. 2008; Pearcy et al. 2006) . Hence, the more generations of thelytokous reproduction, the more homozygous the resulting offspring become. We can therefore see the level of homozygosity as a signature of a parasitic lineage . So far all studies of queen cell parasitism have consistently found high levels of homozygosity in the early instar offspring of parasitizing workers Holmes et al. 2010; Jordan et al. 2008) . High levels of homozygosity were found by Holmes et al. (2010) as expected, but what was unexpected was that Holmes et al. found an unequal loss of parental alleles. In the vast majority of cases (90 %), offspring of parasitizing workers that had become homozygous had lost the paternal allele, the allele carried by the queen's sire. This is surprising, as the maternal or paternal allele should have an equal chance becoming homozygous during a thelytokous meiosis. Currently, these results remain unexplained. However, it is tempting to speculate that a bias toward grand-maternal alleles (those that came from the original queen) could indicate intragenomic conflict between male and female genomes. In the little fire ant Wasmannia auropunctata, males effectively clone themselves by 'throwing out' the female genome when fertilizing some eggs, so these eggs develop as males (Fournier et al. 2005) . A recent study also found that A. m. capensis fathers can manipulate the reproductive potential of their daughters Remnant et al. 2016) , indicating that conflict is indeed not restricted to the level of the individual but extends to the level of the genome.
When does cheating pay?
As we have seen, perhaps the most important factor in an insect worker's reproductive success is not how or why, but when. This is especially apparent from the evolutionary perspective of individual workers. Evidence from both thelytokous and arrhenotokous subspecies of A. mellifera shows that workers can and do greatly increase their reproductive potential by exploiting queen replacement events Beekman et al. 2009; Holmes et al. 2010 Holmes et al. , 2013a Jordan et al. 2008) . However, this is not the end of the story, as in both cases far more workers attempt to reproduce than can actually successfully lay a new queen (in A. m. capensis, and most likely in A. cerana also) or lay a drone that will be mature during swarming season (in arrhenotokous A. mellifera). The distinction between 'anarchist' and 'rebel' workers is an important one, as it shows that a combination of factors is necessary in order for a worker to become a successful cheat. The ability of a worker to activate her ovaries is not enough in and of itself.
We have demonstrated that thelytoky is not a necessary requirement for the evolution of specialized cheating behavior in honeybees. However, one cannot ignore the evolutionary potential that thelytoky can imbue a potential reproductive parasite with. A. cerana shows us that in societies in which thelytoky is rare, workers can massively increase their personal fitness by laying eggs in queen cells while their sisters must be content with laying males (Holmes et al. 2015) . A. m. capensis shows us that in cases where thelytoky is ubiquitous, the most successful individuals are those that target queen replacement events Beekman et al. 2009; Holmes et al. 2010; Jordan et al. 2008) . However, A. m. capensis probably teaches us the most important lesson of all regarding the significance of timing for the evolutionary success of reproductive parasites. Under the right circumstances, selection can lead to truly parasitic lineages that exist only to parasitize other colonies, and moreover, that it only takes one individual with the right combination of traits to be selected for and give rise to such a lineage (Baudry et al. 2004; Goudie and Oldroyd 2014; Oldroyd et al. 2011) .
The myriad of interactions between selfish individuals within a honeybee colony, and the forces that attempt to control them, make these societies incredibly complex. Just as in human societies, it seems that as soon as a group-level mechanism to counter selfish behavior evolves, a new cheater emerges with a way to get around it. Studying social conflict in insect societies provides us with remarkable insights into the nature of social living, and the evolution of social behavior as a whole. We can learn much about our own societies from studying those of the insects.
